Column chromatography is a key technique that is used ubiquitously by synthetic organic chemists to purify small quantities of fine chemicals. The most common method for performing column chromatography for macroscale purifications in both academic and research and development laboratories is called flash chromatography and was described by W. Clark Still in 1978; 1 however, the first educational application of column chromatography was published in this Journal in 1956, as a method for separating three different dyes from McCormick food coloring. 2 Since then, the experiment has become a mainstay in introductory organic teaching laboratories, though it is now commonly performed using a microscale column or pipet to minimize waste. 3 In recent years, the art of performing chromatographic separations has changed dramatically in professional laboratories, but has remained largely unchanged in the organic laboratory curriculum. The advent of automated chromatography systems, consisting of pumps, disposable columns, detectors, and fraction collectors, has streamlined the process for professional synthetic chemists. Unfortunately, these instruments, such as the Isolera, Reveleris, and Combiflash systems, which are sold by Biotage, 4 Grace, 5 and Teledyne-Isco, 6 respectively, are far too costly to be used by individual students in a large, teaching laboratory. Consequently, there now exists a disconnect between the teaching of synthetic procedures and the actual techniques that are used in the chemical and pharmaceutical industries.
Additionally, the traditional chromatography methods used in teaching laboratories require that students handle silica gel, which is an inhalation hazard. 7 Though the fine dust is often handled in a fume hood, some inevitably escapes. Silica dust also clogs the filters in ductless fume hoods, thus minimizing their ability to provide a safe working environment for students. Through the years, many modifications to Still's original procedure have been proposed in this Journal, mainly consisting of various methods to pressurize the chromatography column, but no methods have been proposed to avoid students handling potentially harmful silica. 8 Additionally, the common laboratory procedures that are used to teach column chromatography do not give students a research-like experience because they avoid the problem of selecting a solvent system for the chromatography procedure. Rather, students often separate a mixture of compounds (e.g., ferrocene and acetylferocene) by sequentially passing a nonpolar solvent and a polar solvent (e.g., hexanes and methyl tert-butyl ether) down the column. This process is rarely used in a professional or academic research laboratory. More commonly, mixtures of polar and nonpolar organic solvents are used as eluents, either in a isocratic or gradient fashion, and the optimal ratio of the two (or occasionally three) solvents is determined experimentally by thin-layer chromatography (TLC).
To remedy these issues and to provide a safe alternative to the traditional procedure for flash chromatography, a two-part experiment combining TLC, gas chromatography (GC), and flash chromatography was developed. Moreover, to enhance the latter portion of the experiment, a low-cost apparatus for performing flash chromatography with prepacked silica or alumina cartridges was designed. Although there is no way to economically reproduce the automated systems that are now prevalent in professional laboratories, the chromatography apparatus that is described herein mimics these systems but relies on "student automation". The makers of the automated purification systems, and nearly all silica gel companies and laboratory supply companies (e.g., Silicycle, Dynamic Adsorbents, Fisher Scientific, and Sigma-Aldrich) sell disposable cartridges that are compatible with the apparatus described herein. The silica cartridges, when used in a well-defined teaching laboratory setting, can be stored in students' drawers and reused several times before appropriate disposal. 9 
Experimental Overview
The experiment commenced with the distribution of five TLC plates, a mixture of ferrocene and acetyl ferrocene, and both a polar and nonpolar solvent (EtOAc and hexanes) to each student. The class was then shown how to perform a TLC and were directed to find the optimal solvent system for separating the mixture by trial and error (R f of the lower spot should be approximately 0.3). 1 During the first three-hour laboratory period, the students worked in pairs to distribute the work load. Each student performed five TLC experiments using mixtures of EtOAc and hexanes in varying ratios. In the next laboratory period, the students worked independently to separate the two compounds using the apparatus shown in Figure 1 and the solvent system that was determined in the first laboratory period. After separating the ferrocene and acetylferrocene, the purity of the isolated fractions was determined using GC. Finally, the purified fractions were rotavaped to ascertain the percent recovery of both the ferrocene and acetylferrocene. Students were graded on both the purity and percent recovery of each compound.
Hazards
Ferrocene [CAS# 102-54-5] is an irritant, is hazardous to the eyes and skin, and is hazardous if ingested. Acetylferrocene [CAS# 1271-55-2] may be fatal if swallowed, is toxic if absorbed through the skin, and may cause eye, skin, and respiratory tract irritation. Common solvents for normal-phase flash chromatography, such as ethyl acetate [CAS# 141-78-6] and hexanes [CAS# 92112-69-1], are flammable and hexanes are a neurotoxin. The procedure described above involves a pressurized glass bottle; consequently, all glassware should be inspected for cracks prior to use to prevent a dangerous rupture. Appropriate personal protective equipment should be used at all times, and the reagents should only be handled in a well-ventilated fume hood. MSDS sheets are freely available from Sigma-Aldrich. 10
Flash Chromatography Apparatus
The chromatography apparatus was constructed of a high-performance liquid chromatography (HPLC) reservoir bottle, a polytetrafluoroethylene (PTFE) stopcock, and an Omnifit cap containing two threaded ports (Figure 1 ). Plastic fittings were used to connect the components with Teflon tubing, as Tygon tubing was found to leach plasticizers into the eluent. Air pressure was used to push the eluent from the reservoir to wet the column, and the three-way stopcock was used to purge air bubbles from the system. The crude sample was loaded onto the column as a concentrated solution, by first removing the column from the system and then injecting it with the sample using a 1 mL Luer-Lok syringe. The cartridge was then reattached, and eluent was again pushed through the system by adjusting the air pressure. Following the collection of fractions, the used silica column was safely discarded or flushed with a polar organic solvent (e.g., EtOAc or acetone), dried with air pressure, and then stored for reuse. Importantly, throughout this entire procedure, students were able to quickly perform preparatory silica gel chromatography without having to manipulate loose silica gel.
Results
On the first day of the experiment, the students typically coalesced on a solvent system of either 15% or 20% EtOAc in hexanes. Either solvent system works well for the subsequent flash chromatography. During the purification, both the ferrocene and acetylferrocene were typically eluted within 10-12 test tubes (13 × 100 mm). A separation of 50 mg of ferrocene and acetylferrocene on a 4 g silica column used approximately 75 mL of the eluent, which is comparable to traditional flash chromatography but is a significant increase from the pipet columns that are commonly used in organic teaching laboratories. As with conventional flash chromatography, the fractions could be collected quickly: a 10 mL test tube could be filled in approximately five seconds. The endpoint was easily determined, as the acetylferrocene fractions were red-orange. Students usually had no more than two tubes of overlapping spots, as analyzed by TLC, and often had no tubes with overlapping spots (ideal separation). Poor separation was observed if the students failed to correctly prepare the column or if they loaded their mixture onto the column in pure EtOAc. The typical percent recoveries ranged from 40% to 80%.
A simple GC method was developed to analyze the purity of either a ferrocene or acetylferrocene sample in less than five minutes. One of the most time consuming steps in the two-day experiment was the rotary evaporation. This step could easily be omitted to save time, though it is necessary to obtain percent recovery data.
Discussion
The cost of this chromatography apparatus was comparable to that of a glass chromatography column (~$100). Additionally, this apparatus was much more durable than glass chromatography columns and pipets which are often broken by students, resulting in replacement costs and broken glass hazards. The air pressures required to perform the analysis is comparable to that used to perform a traditional flash chromatography. Typical silica gel cartridges containing 40-63 μm amorphous silica could be reused six times. More expensive columns containing spherical silica particles could be reused ten times without a loss in performance.
Over 300 undergraduate students have performed the two-day TLC and flash chromatography experiment during the past three years. The experimental results obtained using the apparatus shown in Figure 1 were virtually identical to those obtained in previous years using conventional flash chromatography.
Conclusion
In summary, the apparatus presented herein provides organic laboratory students with a viable alternative to conventional flash chromatography using loose silica or alumina. A two-day laboratory exercise that teaches introductory organic chemistry students to use thinlayer chromatography, gas chromatography, and flash chromatography to separate ferrocene from acetylferrocene using the aforementioned apparatus may be found in the supporting information associated with this article. Additionally, two short videos demonstrating the construction of the flash chromatography apparatus shown in Figure 1 and its operation have been developed to facilitate the incorporation of this apparatus into the organic laboratory curricula at other colleges and universities.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Flash chromatography apparatus.
